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Abstract

Post-genomic studies continue to highlight the potential clinical importance of protein
phosphorylation signaling pathways in drug discovery. Unfortunately the dynamic range and
variable stoichiometry of protein phosphorylation continues to stymie efforts to achieve
comprehensive characterization of the human phosphoproteome. In this study, we develop a
complementary, two-stage method for enrichment of cysteine-containing phosphopeptides
combined with TMT multiplex labeling for relative quantification. Use of this approach with
multi-dimension fractionation in mammalian cells yielded more than 7,000 unique cys-
phosphopeptide sequences, comprising 15%-20% novel phosphorylation sites. Use of our
approach in combination with pharmacologic inhibitors of the mammalian target of rapamycin
complex 1 and 2 (mTORC1/2) identified several putatively novel protein substrates for the
mechanistic target of rapamycin (mTOR) kinase.

Keywords
cysteine-containing phosphoproteomome; quantitative proteomics; mTOR; mTORC1/2

Introduction

Reversible phosphorylation on serine, threonine, or tyrosine amino acid chains plays a key
role in numerous cellular processes in normal physiology and human disease [1-7].
Signaling pathways have proven to be ‘actionable,” serving as bio-/pharmaco-dynamic
markers or therapeutic targets [8-11]. As a result of these data, significant effort has been
invested to profile protein phosphorylation by mass spectrometry [12-15]. The cumulative
success of these efforts is evidenced by a rapid increase in the number of phosphorylation
sites annotated within various databases [16, 17]. As one example, the number of
nonredundant phosphorylation sites contained in the Phospho.ELM database [http://
phospho.elm.eu.org/] increased from 1,703 [18] in 2004 to 16,470 [19] in 2008, with the
most recent iteration [20] (v9.0, released in September 2010) comprising 42,574
phosphorylation sites across 48 species.
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The nonlinear growth of phosphorylation data combined with estimates that 30-50% of all
human proteins are phosphorylated, with stoichiometry approaching 90% in some cases,
suggests that continued improvements in proteomic methods will be required to achieve
comprehensive coverage of the mammalian phosphorylation landscape. Further support for
this hypothesis is seen in various studies reporting refinements in existing phosphoproteomic
techniques [21-24], as well as novel approaches for enrichment of subsets of the
phosphoproteome [25-28]. With respect to the latter, Dong et al. recently reported the use of
sequential Ti**/IMAC with thiol-activated beads to isolate cys-phosphopeptides [29]. The
authors identified a greater number of cys-phosphopeptides with their two-step enrichment
strategy, as compared to the use of Ti4*/IMAC alone.

In the present work we sought to extend this technique and further interrogate the landscape
of cys-phosphopeptides. To improve total coverage of the cys-phosphoproteome we
implemented a workflow whereby the order of enrichment was performed in both directions
(e.g., cys-phos and phos-cys). This approach enabled large-scale quantification of cys-
phosphopeptides, which encompassed a significant fraction of novel phosphorylation sites.
We combined our approach with multiplexed stable isotope labeling to interrogate mTOR-
mediated signaling in human cells. This analysis highlights several potentially new mTOR
phosphorylation substrates.

Materials and Methods

TMT labeling, peptide/protein identification

Reagents

Unless otherwise noted below, we used standard methods for isotope labeling, and
phosphopeptide sequence assignment. Details for these protocols are provided in Supporting
Information Materials and Methods.

mTOR inhibitors, Rapamycin and Torin1, were generously provided by Nathanael Gray
(Dana-Farber Cancer Institute). Sources for other supplies and reagents are as follows:
Activated Thiol Sepharose 4B beads (GE Healthcare, Piscataway, NJ); Sep-pak tC18 100 mg
capacity 96-well plate (tC18; Waters, Milford, MA); Thermo SOLA C18 10 mg/2 ml
capacity 96-well plate (SOLA C18; Thermo Scientific, Waltham, MA); Ni:NTA magnetic
agarose beads (Qiagen, Valencia, CA); Ammonium bicarbonate (AMBIC; Sigma, St. Louis,
MO); Triethylammonium bicarbonate (TEAB; Sigma), Ethanol (EtOH; Sigma); ACN
(Macron, Avantor Performance Materials, Center Valley, PA); tris(2-carboxyethyl)phosphine
(TCEP; Sigma); S-Methyl methanethiosulfonate (MMTS; Sigma); DTT (Sigma);
lodoacetamide (IAA,; Sigma); TFA (Pierce, Rockford, IL); formic acid (FA; Sigma).

Cell Line Culture and Sample Processing

All cells (K562, HeLa S3, HEK-293E) were cultured in DMEM with 10% FBS and
incubated to confluency at 37°C in 5% CO,. A total cell suspension was prepared by
collecting the non-adherent cells followed by removal of adherent cells by use of Versene.
The cells were washed three times with cold non-sterile PBS and centrifuged at 250g. Cells
were lysed in buffer containing 7.2 M Guanidine HCI, 1:100 Sigma-Aldrich phosphatase
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inhibitor cocktails 1l and 111, and 100 mM AMBIC at room temperature. Protein
concentration was determined by BCA analysis (Pierce). Lysates were reduced (TCEP, 10
mM, 56°C, 30 min) and alkylated (MMTS, 20 mM, room-temperature, 30 min). Next,
lysates were diluted to 100 mM AMBIC, followed by addition of trypsin (Promega) at an
enzyme:protein ratio of 1:50 and incubated at 37°C over-night. After digestion, samples
were acidified with 10% TFA, and desalted on a tC18 plate. tC18 plate was prepared by
activating with 0.1% TFA, 80% ACN and equilibrating with 0.1% TFA. Samples were
loaded on the plate and washed three times with 0.1% TFA. Peptides were eluted with 0.1%
TFA, 80% ACN and lyophilized by vacuum centrifugation.

Interrogation of mMTOR signaling by cys-phosphoproteomics

Actively proliferating HEK-293E cells were serum starved for 4 h before treatment with
either 100 nM rapamycin, 250 nM Torin1, or vehicle control (DMSO) for 1 h. mTOR was
activated by treatment with 150 nM insulin for 20 min.

Cys-Phos Enrichment

Tryptic peptides were reconstituted in 100 mM AMBIC and reduced with 100 mM TCEP at
56°C. Reduced peptides were desalted by use of a tC18 plate and then dried by vacuum
centrifugation. Activated thiol sepharose 4B beads were prepared by sequentially washing
the dry resin four times with water and three times with 0.5 M TEAB, with final
resuspension in 0.5 M TEAB. Dried peptides were reconstituted with 0.5 M TEAB and an
equal volume of 4B bead suspension with vortexing at 37°C for 1 h. After incubation, the
beads were washed 3 times with 0.5 M TEAB. Cysteine-containing peptides were eluted
with two sequential washes of 10 mM DTT, 0.5 M TEAB for 20 min at 37°C with vortexing.
Elutions were pooled and alkylated with 50 mM IAA in the dark at room temperature. After
incubation, the samples were desalted as described above, but using a SOLA C18 SPE plate
(10 mg/2mL capacity). Qiagen Ni:NTA magnetic agarose beads stored as a 5% suspension
in 30% ethanol were used for phosphopeptide enrichment. The magnetic beads were
prepared by rinsing three times with water and then incubating in 100 mM EDTA pH 8 for
30 min. Next, the beads were rinsed three times with water and incubated in 10 mM FeCl3
for 30 min. Prior to incubation with the sample peptides, the bead pellet was rinsed three
times with water and once with 80% ACN, 0.1% TFA and finally resuspended with 80%
ACN, 0.1% TFA. Cysteine-containing peptides enriched by use of thiol 4B beads were
reconstituted in 80% ACN, 0.1% TFA and incubated with the Fe-activated magnetic agarose
NTA bead suspension for 30 min. After incubation, the supernatant was retained and the
bead pellet was washed three times with 80% ACN, 0.1% TFA. The bead pellet was eluted
with 1.4% ammonia by weight, 3 mM EDTA and water. Elutions were pooled and dried by
vacuum centrifugation prior to LC-MS/MS analysis.

Phos-Cys Enrichment

Qiagen Ni:NTA magnetic agarose beads were activated as described above. Tryptic peptides
were reconstituted in 600 puL of 80% ACN, 0.1% TFA and incubated with Fe-activated
magnetic agarose NTA bead suspension for 30 min. After incubation, the supernatant was
retained and the bead pellet was washed three times with 80% ACN, 0.1% TFA. The bead
pellet was eluted with 1.4 % ammonia by weight, 3 mM EDTA and water. Elutions were
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pooled, and dried by vacuum centrifugation. Dried phosphopeptides were reconstituted in
100 mM AMBIC and then reduced with 100 mM TCEP for 30 min at 56°C. Reduced
peptides were desalted using a SOLA C18 plate and dried by vacuum centrifugation. Thiol
sepharose 4B beads were prepared and activated as described above. Dried peptides were
reconstituted with 0.5 M TEAB and an equal volume of thiol sepharose 4B bead suspension
with vortexing at 37°C for 1 h. After incubation, the beads were washed three times with 0.5
M TEAB. Peptides were eluted, alkylated, desalted, and dried as described above.

Interpretation of identified phosphorylation sites

Results

Using Python and our pep2gene algorithm [30], we parsed the ELM, CST, and HPRD
databases and compiled a combined database of phosphosites (cumulative phospho-
database); for each entry in this database we derived tryptic peptides for each possible
source protein, and each protein-relative phosphorylation site was recorded as a previously
observed or ‘known’ site. To match this combined database against our results we performed
a similar operation, where for each observed phosphopeptide we generated the list of
proteins and corresponding protein-relative sites contained therein. We then ran a direct site-
to-site comparison for these two databases; if any protein-relative site in the set of our
phosphosites matched a site in the combined database, this phosphosite was annotated as
‘known’. In an effort to further minimize false-positives, we also included in the ‘known’
category any protein-relative site in our data which matched to the combined database within
+5 amino acids, or within a longer sequence string as defined by a contiguous block of
phosphorylatable (S, T, or Y) amino acids. In this way we hoped to account for potentially
confounding situations in which the phosphorylation site occurred near the protein N-
terminus or resided directly adjacent to other S, T, or Y residues, and hence may be more
prone to mis-assignment, particularly with lower-quality MS/MS spectra.

In Silico Analysis of Potential Cys-Phosphopeptides

Estimates indicate that cysteine is found in more than 90% of human proteins but only in
~25% of all tryptic peptides [31, 32], with the latter value reduced somewhat when
considering the optimum molecular weight range of peptides most amenable to traditional
shotgun proteomic analysis. We verified these results based on recent releases of
UniProtKB/Swiss-Prot Fungi, UniProtKB/Swiss-Prot Rodent and UniProtKB/Swiss-Prot
Human (released July, 2016) (Table 1A). We then extended this analysis to phosphoproteins
annotated in three common databases: Phospho.ELM (ELM) [19] [http://
phospho.elm.eu.org/, v9.0 downloaded June, 2016], PhosphoSitePlus (PSP) [33] [http://
www.phosphosite.org/, downloaded July, 2016] and Human Protein Reference Database
(HPRD) [34] [http://www.hprd.org/, downloaded June, 2016]. Assuming trypsin digestion
rules and no missed cleavages for peptides consisting of 7 to 35 amino acids, an analysis of
the human component of these databases reveals a similar percentage of cysteine-containing
tryptic peptides (~24%, Table 1B). In contrast, only ~16% of phosphopeptides in these
databases contains a cysteine residue. Although the overlap between phosphorylated and
cysteine-containing peptides is relatively low, both chemical moieties can be efficiently
targeted for enrichment [31, 32, 35-49]. Interestingly the laboratory of Hanfa Zou recently
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demonstrated that the combined enrichment of cysteine-containing and phosphorylated-
peptides enabled more efficient identification of this peptide subclass as compared to
untargeted or global IMAC-based strategies [29]. Inspired by these results, we sought to
further extend this paradigm to improve coverage and enable quantitative interrogation of
the cys-phosphoproteome.

Qualitative Analysis of Cys-Phosphoproteome

We enriched the cysteine peptide pool from human K562 cells by incubating tryptic peptides
from whole cell lysate with thiol-activated sepharose 4B beads (Fig. 1A). Next we enriched
phosphorylated cysteine-containing peptides using Fe-NTA IMAC [50] (‘Cys-Phos’
enrichment). In parallel, we reversed the order of enrichment stages on an equal aliquot of
tryptic peptides (‘Phos-Cys’ enrichment). In total, across two replicate experiments we
identified 1,667 unique phosphopeptides, of which 1,643 contained at least one cysteine in
the sequence (Supporting Information Table 1). These cys-phosphopeptides mapped to 1,469
unique phosphosites. Similarly, the Phos-Cys approach identified 993 cys-phosphopeptides
comprising 907 phosphosites. We observed an overlap of 33% across the two enrichment
approaches (Fig. 1B), while replicates of each strategy (Cys-Phos and Phos-Cys) exhibited
somewhat higher reproducibility (~54%) (Supporting Information Fig. 1). These data
demonstrate that both capture schemes provided high efficiency (>95%) enrichment of cys-
phosphopeptides and may capture somewhat complementary sets of sequences. To
understand whether phosphorylation sites within these peptides had been previously
identified, we queried a compendium of post-translational modifications (PTMs) on human
proteins made available through the Proteome Scoutweb resource [51] In our initial analysis
we compared phosphorylation sites in our data with those in Proteome Scoutbased on
amino acid position relative to the protein N-terminus. To account for possible mis-
assignment of specific site of phosphorylation by the search algorithm, particularly in cases
where peptides contained a contiguous span of phosphorylatable S, T, or Y residues, we
allowed a ‘tolerance’ of £5 amino acids when comparing our results to phosphorylation sites
in Proteome Scout. This approached suggested that our qualitative analysis resulted in the
identification of 132 (7.6%) novel sites of phosphorylation. To circumvent potential
confounding variables due to protein isoforms, inclusion/exclusion of signal sequences, etc.
we utilized our multiplierz environment [52] to compare phosphorylation sites based on
sequence alignment. We assigned phosphorylation sites in our data to one of three
categories: 1) ‘Known Phosphosite,” comprised phosphorylation sites which matched
exactly based on sequence alignment to a compendia of data available through the
cumulative phospho-database; 2) ‘Ambiguous Phosphosite,” after sequence alignment, these
phosphorylation sites within our data matched to within £5 amino acids of a previously
reported phosphosite; 3) ‘Novel Phosphosite,” comprised the set of phosphorylation sites
which have not been previously reported. Based on these categories, the union of our cys-
phos and phos-cys peptides (Fig. 1B) comprised 70 novel phosphorylation sites (Fig. 1C).

Quantitative Analysis of Cys-Phosphoproteome

We utilized TMT 6-plex reagents in conjunction with our two-stage enrichment approach to
assess whether each approach (cys-phos and phos-cys) may enrich a different subset of cys-
phosphopeptides (Fig. 2A). In total across duplicate analyses, we quantified 2,566 cys-
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phosphopeptide sequences comprising 2,241 phosphosites (Supporting Information Table 2).
A histogram of peptide log, ratios demonstrates somewhat higher abundance for peptides
enriched by the Cys-Phos approach, along with a small cadre of cys-phosphopeptides which
appear to be preferentially enriched by each technique (Fig. 2B).

We next utilized our automated 3-dimension RP-SAX-RP platform [24] to obtain deeper
coverage of the cys-phosphoproteome in HelLa cells. At a depth of 16 RP-SAX-RP fractions
we quantified 10,844 cys-phosphopeptides corresponding to 8,446 phosphosites (Supporting
Information Table 3). Strikingly approximately 20% of the phosphorylation sites in this
analysis were novel (Fig. 2C) based on the criteria described above. To explore whether our
set of cysteine-proximal phosphorylation sites comprised a specific motif we used our data
as input to pLOGO[53] (Figure 2D). These results suggest a preponderance of proline-
directed phosphorylation, but the uniform distribution of cysteine across the pL OGO plots
indicates that cysteine itself likely does not participate in kinase substrate recognition.

Cys-Phosphoproteomic Interrogation of mTOR Kinase Signaling

We next asked whether the capability of our cys-phosphoproteomic approach to access a
unique subset of mammalian phosphorylation sites would facilitate the characterization of
kinase substrates. As a proof-of-principle we chose the mammalian target of rapamycin
(mTOR) kinase. The mTOR pathway regulates many major cellular processes and is
implicated in an increasing number of pathological conditions, including cancer, metabolic
disease, and neurodegeneration [54]. These and other results [55-57] highlight mTOR as an
attractive drug target [58]. We utilized TMT labeling in conjunction with the capture of cys-
phosphopeptides to monitor the response of mTOR signaling in the presence of insulin
stimulation, along with the inhibitors rapamycin or Torinl (Fig. 3A). Both compounds are
active against mTORC1 while mTORC?2 is only sensitive to Torinl [59-61]. Replicate
analysis by RP-SAX-RP resulted in quantification of 7,563 cys-phosphopeptides which
mapped to 5,784 phosphorylation sites (Supporting Information Table 4). We compared
these results to our previous analysis of mTOR signaling [57] which utilized “‘global’
phosphopeptide enrichment by use of immobilized metal affinity chromatography (Fe3*-
NTA IMAC). Cys-phosphopeptides in this previous study comprised 12% of all
phosphopeptides, consistent with our in silico analysis (Fig. 3B and Table 1B). From a
qualitative perspective our combined, serial enrichment strategy added more than 5,300
phosphorylation sites as compared to our previous study. Moreover ~18% of the
phosphosites were novel (Fig. 3B), consistent with our quantitative analysis performed in
HeLa cells (Fig. 2C). We next sorted potential mTOR substrates based on phosphorylation
sites which were up-regulated in response to insulin and then down-regulated (relative to
insulin stimulation) following inhibitor treatment. A substrate for mMTORC1 would be
sensitive to both Rapamycin and Torinl (Fig. 3C; blue points), while mTORC2 substrates
would only respond to Torinl (Fig. 3C; red points). Following these criteria we identified 45
putative protein substrates and target sites for mTORC1 or mTORC?2 (Fig. 4A). Of these
putative mTOR-mediated phosphorylation sites, 6 (~13%) appear to be completely novel
based on the criteria described above, in addition to searches in PubMed and manual
interrogation through the HPRD and Profeome Scoutweb resources. As a first validation
step we obtained synthetic peptide analogs for three of these phosphorylation sites. Insulin
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receptor substrate 2 (IRS2; S518, T520) was selected as a known mTORC1 substrate and
served as a positive control; in addition we confirmed two novel cys-phosphorylation sites,
which may represent new mTOR substrates: myotubularin-related protein 13 (SBF2; S1847)
and zinc finger and BTB domain containing 2 (ZBTB2; S473) (Fig. 4B).

Discussion

Phosphoproteomic approaches are uniquely positioned to characterize signaling pathways
associated with human kinases, including the identification of direct phosphorylation
substrates and distal targets. These data may be suitable for use as pharmacodynamics
readouts or as molecular signatures to support early detection, patient stratification, or
therapeutic strategy. Despite the potential impact of these data in translational studies,
comprehensive phosphoproteomic analysis remains out of reach. Estimates suggest that the
human proteome may contain between 100,000 and 500,000 phosphorylation sites [26, 62,
63] on proteins which comprise multiple isoforms, splice products, etc., giving rise to a
labyrinthine collection of phosphopeptides. The uneven distribution of phosphorylation on
serine, threonine, and tyrosine [2, 64], along with recent studies which revealed heretofore
unappreciated phosphorylation on histidine side chains, represents an additional hurdle [65].
Use of combined cys-phos and phos-cys enrichment consistently provided data comprising
~20% novel phosphorylation sites, suggesting that our method can be used in concert with
existing enrichment strategies to provide deeper phosphoproteome coverage.

We used cys-phosphoproteomics to interrogate insulin-mediated mTOR signaling. TMT
reporter ion ratios highlight 35 proteins whose phosphorylation patterns are consistent with
potential roles in the mTORC1/2 pathways. This subset further comprises proteins which
may represent underappreciated areas of mTOR biology (e.g., FOXK1, NDRG2, and
CCHCR1). In addition we identified 25 cysteine-proximal phosphorylation sites contained
within sequences which are consistent with other known mTOR substrates. Finally we
identified 6 previously undescribed phosphorylation sites which may represent new mTOR
target sites; analytical validation of two of these novel sites, S1847 on SBF2 and S473 on
ZBTB2, highlight the capability of cys-phosphoproteomics to reveal new phosphorylation
targets in human signaling pathways.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Significance of the study

In this study we develop an orthogonal two-stage method to enrich cysteine-containing
phosphopeptides (cys-phosphopeptides). Used in combination with TMT isotope
labeling, this method enables quantification of >7,000 cys-phosphopeptides, which
typically comprise some 20% novel phosphorylation sites. We utilized cys-
phosphoproteomics to identify several putatively novel protein substrates of the mTOR
kinase.
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Figure 1. Qualitative analysis of cys-phosphoproteome
(A) Schematic workflow for cys-phosphopeptide enrichment by independent Cys-Phos and

Phos-Cys approaches. (B) Number of identified cys-phosphopeptides by Cys-Phos and
Phos-Cys approaches. (C) Comparison of novel phosphosites to the combined background

phospho-database.
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Figure 2. Quantitative analysis of cys-phosphoproteome
(A) Schematic workflow for quantitative profiling of cys-phosphopeptides enriched by

complementary Cys-Phos and Phos-Cys approaches. (B) Histogram of log, cys-
phosphopeptide TMT reporter ion ratios. Cys-phosphopeptide ratios greater than 2 standard
deviations from the median value were considered as preferentially enriched by each
approach (Supporting Information Table 2). (C) Characterization of phosphorylation sites
derived from cys-phosphopeptides. (D) Probabilistic sequence motif analysis of cys-
phosphopeptides identified by complementary Cys-Phos and Phos-Cys approaches. Input
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data consisted of cys-phosphopeptides with high-confidence phosphorylation site
assignment. Background data consisted of (top) the cumulative phospho-database
(Supporting Information Materials and Methods) or (bottom) the subset of cys-
phosphopeptides from the cumulative phospho-database
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Figure 3. Quantification of mTOR signaling by cys-phosphoproteomics

(A) mTOR was stimulated with insulin under control (DMSO) or in conjunction with
Rapamycin or Torinl treatment. (B) Comparison of phosphosites identified herein with
phosphosites identified in a recent study [57] based on global IMAC enrichment. (C) Scatter
plot of TMT reporter ion log, ratios highlights phosphorylation sites likely regulated by
mTOR (red and blue points).
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Figure 4. Cys-phosphoproteomicsidentifies potential novel mTOR substrates
(A) List of putative substrate candidates for mTORC1 or mTORC2. (B) Mirror plots for

MS/MS spectra of endogenous (top) and synthetic (bottom) cys-phosphopeptides provide
analytical validation for sequence assignment and site of phosphorylation for two potential
mTOR substrates. Green and orange glyphs above and below amino acid sequence indicate

specific b- and y-type ions represented in the MS/MS spectra.
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